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Communication
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ABSTRACT

Suboptimal N or P availability and cool temperatures all de-
crease apparent hydraulic conductance (L) of cotton (Gossypium
hirsutum L.) roots. The interaction between nutrient status and
root temperature was tested in seedlings grown in nutrient solu-
tions. The depression of L (calculated as the ratio of transpiration
rate to absolute value of leaf water potential [Ij) by nutrient
stress depended strongly on root temperature, and was mini-
mized at high temperatures. In fully nourished plants, L was high
at all temperatures :200C, but it decreased greatly as root
temperature approached the chilling threshold of 15°C. Decreas-
ing temperature lowered *, first, followed by transpiration rate.
In N- or P-deficient plants, L approached the value for fully
nourished plants at root temperatures :30°C, but it decreased
almost linearly with temperature as roots were cooled. Nutrient
effects on L were mediated only by differences in transpiration,
and I' was unaffected. The responses of *, and transpiration
to root cooling and nutrient stress imply that if a messenger is
transmitted from cooled roots to stomata, the messenger is
effective only in nutrient-stressed plants.

One of the earliest symptoms of growth limitation by N or
P supply is a specific inhibition of leaf expansion (12, 13). In
cotton and some other species, N or P deficiency decreases
root L' (9, 12, 13, 18). Radin and coworkers (12, 13) presented
evidence that the decreased L can limit the delivery of water
to the growing leaves and thus curtail cell expansion. Both N
and P stress decrease the L of individual cells in the root
cortex (17), implying that the shift in root properties results
from changes in properties of cell membranes.
Root L is sensitive also to chilling temperatures in plants

of tropical or subtropical origin such as cotton (4, 6). Experi-
ments reported here were designed to test for interactions of
nutrient status and root temperature on L.

MATERIALS AND METHODS

Cotton seeds (Gossypium hirsutum L. cv Deltapine 70)
were germinated in moist vermiculite and transferred to con-

'Abbreviations and symbols: L, apparent hydraulic conductance;
'I', water potential.

tinuously aerated nutrient solutions after 3 d as described
earlier (13). Seedlings were grown in groups of four with their
roots suspended in 16-L containers of solution. The compo-
sition of the modified half-strength Hoagland solution is
reported elsewhere (16). The complete solution contained 5
mM NO3- and 0.5 mm H2PO4-; in N- and P-deficient solutions
Cl- was substituted for 96% of the N or 100% of the P. After
transfer to nutrient solutions, plants were grown in a growth
chamber with a 14-h daylength, day/night temperatures of
30/21C, and PPFD of 450 to 500 ,mol m-2 s-' at plant
height (determined with a LiCor LI-190 quantum sensor;
LiCor Instruments, Lincoln, NE, USA).2 Humidity was un-
controlled, but the daytime RH remained at 45 ± 5%. Nu-
trient depletion and pH changes were very small at this early
stage of growth, and the solutions were not renewed.
One week after seedlings were transferred to nutrient solu-

tions, the seedlings and their containers were placed in a
second growth chamber maintained at 25°C, with PPFD of
450 ,mol m-2 s-'. The cotyledons were fully unfolded and
mostly expanded at this stage of growth, but the first true leaf
was still very small. In the second chamber each container
with nutrient solution was immersed in one of five water
baths that were chilled or heated to different constant tem-
peratures. In each experiment, the lowest solution tempera-
ture was between 7 and 13°C, and the highest temperature
was -30°C. Data from six successive experiments were com-
bined, and measurements obtained at the same root temper-
atures in different experiments were treated as replicates. As
a test of consistency, all experiments included a root temper-
ature of 25°C. Plants were transferred to the second growth
chamber approximately 2 h after the beginning of the light
period, and transpiration rates of the cotyledons were deter-
mined 4 h later, when root temperatures had equilibrated
with the baths and fluxes had stabilized at new steady-state
values. The LiCor LI-1600 steady-state porometer (set to
maintain ambient RH) was used to obtain transpiration rates
from each surface, and the values were added. Contributions
of other tissues to whole-plant transpiration were ignored.
Measurements were made on all seedlings, which were then

2 Mention of a trademark or proprietary product does not consti-
tute a guarantee or warranty of the product by the U.S. Department
of Agriculture, and does not imply its approval to the exclusion of
other products that might also be suitable.
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individually tagged for identification. After determination of
transpiration, each seedling shoot was enclosed in a plastic
bag and severed at the hypocotyl, and T'I' was immediately
determined with a pressure chamber (13). The values of *I'
thus obtained closely corresponded to values from excised
cotyledons. Areas of cotyledons of each seedling were deter-
mined with a LiCor LI-3 100 leafarea meter, and root systems
were individually oven-dried and weighed.
The transpiration rate was converted to flux per unit root

length using leaf area: root length ratios of 4.7, 4.1, and 3.8
cm2/m for fully nourished and N- and P-stressed seedlings,
respectively. These age- and nutrient-specific ratios were de-
termined as described earlier (13). Hydraulic conductance was
then approximated as the ratio of transpiration rate to the
absolute value of *I'. Relationships of transpiration, 'I', and
L to root temperature were approximated by cubic polyno-
mial regressions. Correlation coefficients ranged from 0.83 to
0.98.

RESULTS AND DISCUSSION

In the fully nourished controls, the transpiration rate was

high and little affected by root temperatures from 13 to 35°C
(Fig. IA). Cooling the roots below 13°C, however, caused a

sharp decline in transpiration. The leaf *1', began to decrease
as root temperature fell below about 20°C (Fig. 1B), and at
the coolest temperatures the cotyledons were wilted. This
response is typical of chilling-sensitive plants in general and
of cotton in particular (6). At 1 3°C, the leaf *I', was near -1.0
MPa, which corresponded approximately to the value for zero
turgor in the cotyledons (not shown; data obtained by pres-
sure-volume procedures).

Nutrient stress markedly altered the effect of root temper-
ature on transpiration. In both N- and P-stressed plants, the
transpiration rate approached that of the fully nourished
seedlings at the warmest root temperatures tested, but it
decreased almost linearly with decreasing temperature down
to about 10°C (Fig. IA). At chilling temperatures (<12°C),
nutrient stress had little or no effect upon transpiration rate.
These data show that the expression of nutrient effects on
transcription was strongly temperature-dependent (and vice
versa). Notably, nutrient stress did not affect leaf *P, at any
root temperature (Fig. 1B). Thus, N or P deficiency greatly
altered the relationship between transpiration rate and *'I.
The increased stomatal responsiveness to declining leaf *'4 is
similar to earlier demonstrations that nutrient deficiency
enhances stomatal responses to water stress (10, 1 1).
The L of intact plants was estimated as the ratio of tran-

spiration rate to absolute value of *w. Transpiration is ex-
pressed here as volume flux per unit root length, as the root
provides the major resistance to water flow, especially in
chilled seedlings (1, 5, 6). In fully-nourished plants, L was

high at root temperatures 220°C, but it decreased sharply in
a narrow temperature range centered on about 15C (Fig. 1C).
In N- and P-stressed plants, L approached that of the fully
nourished controls at the highest temperatures tested. How-
ever, L of nutrient-stressed plants declined almost linearly
with decreasing temperature, again approaching the control
value at temperatures <12'C (Fig. IC). Nutrient stress sub-

stantially decreased L at intermediate root temperatures ( 15-
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Figure 1. Transpiration rates, water potentials, and hydraulic con-
ductances of cotton seedlings. Roots of fully nourished, N-deficient,
or P-deficient plants were maintained at various temperatures in a
growth chamber with a constant air temperature of 250C. Hydraulic
conductance was calculated as the ratio of transpirational flux per
unit root length to the absolute value of *,. All values shown as
means ± SE. Regressions were calculated separately for each nutrient
treatment except in the case of I', for which all data were combined.

25C). This intermediate range includes the temperature at
which all previous experiments were carried out (12-14, 17).
The values of L reported here are about half those previ-

ously reported for cotton seedlings ( 13). Most of this discrep-
ancy arises from the implicit assumption in the approximation
ofL that flux is linearly related to AP. In the previous study,
L was determined as the slope of the flux-AP relationship
specifically at high fluxes, where it considerably exceeds the
slope at low fluxes (13).
The simplest interpretation of these results is that nutrient

stress affects radial water flow rather than axial flow. The
axial resistance depends upon physical properties ofthe xylem
(20), and thus should be nearly independent of temperature.
At 30 to 35°C, though, the effect of nutrients was almost
completely abolished (Fig. IC). This evidence is inconsistent
with large effects of nutrients on axial resistance (17). How-
ever, it does not prove that axial resistance is negligible. Some
evidence implies that axial resistance may be important in
cotton roots, especially in the segment of the tip distal to fully
mature xylem (8).

Cooling roots of bean (Phaseolus vulgaris L.) decreased L,
transpiration, and growth rate, but did not affect I,v (7).
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NUTRIENT-TEMPERATURE INTERACTION ON COTTON ROOTS

Smith and Dale (19) argued that this syndrome resulted from
temperature-dependent production of ABA by roots and its
transfer to the leaves. In cotton, cooling roots does decrease
*T, but the nutrient stresses do not (Fig. lB). Thus, root
coolingper se does not elicit behavior that implies a messenger

role for ABA or any other compound. If ABA is a messenger

from the roots, it is effective only in nutrient-stressed plants.
Earlier studies (10, 16) showed thatN or P deficiency increases
stomatal responsiveness to ABA, perhaps through changes in
cytokinins. Nutrient stress can decrease by 90% the ABA
concentration causing incipient closure, from 0.1 M to as

low as 0.01 M (16). This decrease may allow ABA from the
roots to affect transpiration, as the lower concentration is well
within the range typically observed in the xylem sap (2, 3).
Although cool temperature enhances ABA accumulation in
cotton leaves (15), and may also enhance its accumulation
and release from cotton roots, poor stomatal responsiveness
to ABA in fully nourished plants would preclude large effects
on transpiration. It seems likely that in cotton, root cooling
(below 30°C) and nutrient stress are both required for stomatal
closure because the former may affect the level of ABA and
the latter may affect responsiveness to ABA. This hypothesis
transfers emphasis from the ABA concentration in the xylem
sap to whatever factor controls stomatal responsiveness to
root-derived ABA.

Finally, one should note that the interaction oftemperature
with nutrient status to control L is specific to the root. Shoot
temperatures from 19 to 38°C had no effect on L of N- and
P-stressed plants when root temperature was constant (14).
Thus, root and shoot temperatures must be considered sepa-

rate variables exerting independent effects on the plants. In
most studies of plant water relations, root temperature is
uncontrolled and may not even be measured. Especially in
free-standing pots, diurnal temperature fluctuations and gra-
dients can be substantial. Consistent results in studies of plant
water relations may require more attention to the complex
effects ofthese nonconstant or nonuniform root temperatures.

ACKNOWLEDGMENTS

I thank Linda Reaves and Marie Eidenbock for technical assist-
ance. Drs. A. Markhart, R. Munns, N. Paul, and B. Smith provided
very helpful comments.

LITERATURE CITED

1. Fiscus EL (1981) Effects of abscisic acid on the hydraulic con-
ductance of and the total ion transport through Phaseolus root
systems. Plant Physiol 68: 169-174.

2. Hartung W, Radin JW (1989) Abscisic acid in the mesophyll

apoplast and in the root xylem sap of water-stressed plants.
The significance of pH gradients. In DD Randall, ed, Current
Topics in Plant Biochemistry and Physiology, Vol 8. University
of Missouri, Columbia, MO pp 110-124

3. Loveys BR (1984) Abscisic acid transport and metabolism in
grapevine ( Vitis vinifera L.). New Phytol 98: 575-582

4. Lyons JM (1973) Chilling injury in plants. Annu Rev Plant
Physiol 24: 445-451

5. Markhart AH III (1984) Amelioration of chilling-induced water
stress by abscisic acid-induced changes in root hydraulic con-
ductance. Plant Physiol 74: 81-83

6. McWilliam JR, Kramer PJ, Musser RL (1982) Temperature-
induced water stress in chilling-sensitive plants. Aust J Plant
Physiol 9: 343-352

7. Milligan SP, Dale JE (1988) The effects of root treatments on
growth of the primary leaves of Phaseolus vulgaris L.: bio-
physical analysis. New Phytol 109: 35-40

8. Oosterhuis DM, Wullschleger, SD (1987) Water flow through
cotton roots in relation to xylem anatomy. J Exp Bot 38: 1866-
1874

9. Passioura JB, Tanner CB (1985) Oscillations in apparent hy-
draulic conductance of cotton plants. Aust J Plant Physiol 12:
455-461

10. Radin JW (1984) Stomatal responses to water stress and to
abscisic acid in phosphorus-deficient cotton plants. Plant Phys-
iol 76: 392-394

11. Radin JW, Ackerson RC (1981) Water relations of cotton plants
under nitrogen deficiency. III. Stomatal conductance, photo-
synthesis, and abscisic acid accumulation during drought. Plant
Physiol 67: 115-119

12. Radin JW, Boyer JS (1982) Control ofleafexpansion by nitrogen
nutrition in sunflower plants. Role of hydraulic conductivity
and turgor. Plant Physiol 69: 771-775

13. Radin JW, Eidenbock MP (1984) Hydraulic conductance as a
factor limiting leaf expansion of phosphorus-deficient cotton
plants. Plant Physiol 75: 372-377

14. Radin JW, Eidenbock MP (1986) Vascular patterns in roots of
phosphorus- and nitrogen-deficient cotton seedlings. In JM
Brown, ed, Proceedings of the 1986 Beltwide Cotton Produc-
tion Research Conference. National Cotton Council, Mem-
phis, TN, pp 85-88

15. Radin JW, Hendrix DL (1986) Accumulation and turnover of
abscisic acid in osmotically stressed leaf tissue in relation to
temperature. Plant Sci 45: 37-42

16. Radin JW, Hendrix DL (1988) The apoplastic pool of abscisic
acid in cotton leaves in relation to stomatal closure. Planta
174:180-186

17. Radin JW, Matthews MA (1989) Water transport properties of
cortical cells in roots of nitrogen- and phosphorus-deficient
cotton seedlings. Plant Physiol 89: 264-268

18. Safir GR, Boyer JS, Gerdemann JW (1972) Nutrient status and
mycorrhizal enhancement of water transport in soybean. Plant
Physiol 49: 700-703

19. Smith PG, Dale JE (1988) The effects of root cooling and
excision treatments on the growth of primary leaves of Phas-
eolus vulgaris L. New Phytol 110: 293-300

20. Weatherley PE (1982) Water uptake and flow in roots. In OL
Lange, PS Nobel, CB Osmond, H Ziegler, eds, Encyclopedia
of Plant Physiology (New Series), Vol 12B. Springer-Verlag,
Berlin, pp 79-109

857


